Abstract--The influence of geomorphological site characteristics on soil clay mineral stability of montmorillonite-containing horizons of a southern Wisconsin soil catena was interpreted in terms of the solute activity function values of pSi(OH)4, pH-1/2pMg 2 § and pH-1/3pA13+ in suspensions of the separated clay fractions. Montmorillonite stability and/or formation vs that of kaolinite for the soil clays was evaluated by a plot of the solute activity functions on a three dimensional diagram derived for montmorillonite, kaolinite, and gibbsite at constant temperature (25~ and constant pressure (one atm.). Although all the soil clays contained both montmorillonite and kaolinite, the position of the soil clay solute activity functions in the stability diagram clearly reflected the influence of the geomorphological-geochemical site conditions in which each soil horizon was developed, with corresponding differences in the SIO2/A1203 molar ratio of the reactive fraction. Montmorillonite stability positions of the solute activity functions were induced by soils (clays with reactive fractions with SIO2/A1203 molar ratios = 3-4) from calcareous or poorly drained horizons, while kaolinite stability positions of the functions were induced by soils (clays with reactive fractions of SIO2/A1203 molar ratios = 2) from acid, freely drained horizons.
INTRODUCTION MATERIALS
Quantitative mineralogical analysis of the clay fractions and geomorphological-geochemical site characteristics were used to deduce montmorillonite stability or kaolinite stability in selected horizons in a southern Wisconsin soil catena (Weaver et al., 1971) . The matrix solution activities associated with each horizon were represented graphically in terms of the solution parameters pSi(OH)a and pH-1/2pMg 2 § in near neutral suspensions of clay exchange saturated with Mg 2+. Under these conditions clay mineral transformations could be interpreted in terms of solute activities of H § Mg 2 § and Si(OH)4 while A13 § is conserved in the solid phases. Under soil acidity conditions of pH 5.0 or less, the activity of A13 § becomes much greater, and is therefore important in clay mineral solution interactions in acid soils and must be considered in the clay mineral stability diagrams along with those of Si(OH)4 and Mg 2+.
The purpose of this paper is to relate the solute activities in equilibrium with the clay fractions of a catena of soils ranging from geomorphological~eo-chemical conditions of montmorillonite stability to kaolinite stability to a three dimensional stability diagram with the solute functions, pSi(OH)4, pH-1/2pMg 2+, and pH-1/3pA13+
The montmorillonite-containing soil clays used were from selected horizons of the Dodge catena of southern Wisconsin (U. W. Arboretum, Madison), developed from montmorillonitic loessial materials overlying till. The mineralogy of the clay fractions of the soils (Weaver et al., 1971) suggests that kaolinite was forming in the well-drained Dodge soil B2 horizon and the less well-drained Lamartine soil B2 horizon and that montmorillonite was stable in the Lamartine soil C2 horizon and the poorly-drained Pella soil B2g horizon. This was especially evident from the composition of the reactive fractions (0.5N NaOH extractable, Hashimoto and Jackson, 1960) of the soil clays. The B2 horizons from the acid, welldrained Dodge soil and less well-drained Lamartine soil contained reactive clay fractions of a kaolinitic or Al-chloritic composition (SIO2/A120 3 molar ratios = 2). In contrast, the clays from the poorly drained Pella B2g and the dolomitic C2 horizon of the Lamartine soil contained reactive fractions or surfaces of montmorillonite composition (SiO2/A120 3 molar ratio = 3-4).
Clay minerals used as controls included bentonite from Castle Rock, CO; bentonite from Upton, WY (courtesy American Colloid Co.); and bentonite from Colony, WY (Colony I, a fresh blue colored, unoxidized, unweathered sample and Colony II, an oxidized, buff sample from outcrop of the deposit courtesy of W. J. Lang, International Minerals and Chemical Corp.).
METHODS
used and both are given below:
Dissolution techniques
The dissolution experiments were carried out in 0.01 N A13+ and 0.01 N Mg 2+ solutions to provide a homogeneous cation saturation for all of the clays and so that structural species released would be displaced into a uniform solution phase. The clay dissolution with relatively high, constant activities of two cations that occur as structural and exchangeable species facilitated a test of the constancy of the solute activity product of each clay mineral. The pH of the equilibration solutions was adjusted to 3.5 so that the A1 released would be predominantly the monomeric A13+ species.
Duplicate samples of the soils and bentonites (weight taken to give 5 g of < 2 #m material on the ll0~ basis) were distributed between 100-ml centrifuge tubes. After treatment with 1 N NaOAc of pH 5 to remove exchangeable cations and carbonates, and dispersion by an ultrasonic treatment, the <2 #m fractions were separated by centrifugation and decantation (Jackson, 1969) . The samples were then washed three times with 0.5 N MgC12 or 0.5 N A1C13 of pH 2.7 followed by washings with 0.01 N MgC12 (pH 3.5) or 0.01 N A1C13 (pH 3.5) until the pH of the supernatant solution approximmed 3.5. The 5 g samples were suspended in 200 ml of either 0.01 N MgCI2 (pH 3.5) or 0.01 N A1C13 (pH 3.5) in polyethylene bottles. The bottles were placed in a constant, temperature (25~ + 1) reciprocating shaker bath (pressure = 1 atm.). Aliquots of the suspensions (25 ml) were removed at various time intervals from 1 to 120 days. Following centrifugation, the pH of the supernatant solutions was determined with a Metrohm Compensator E388 pH meter; Si(OH)4 was determined colorimetrically by the blue, reduced molybdosilicic acid method (Weaver et al., 1968) ; A1 by the Ferron procedure (Rainwater and Thatcher, 1960) ; Fe by the Bathophenanthroline procedure (Smith et al., 1952) ; and Mg by atomic absorption spectrophotometry, La being used as a releasing agent to prevent interference from Si and A1.
The activity coefficient (7) for Si(OH)4 was assumed to be unity, and therefore the analytical concentrations of Si(OH)4 were taken to be equivalent to the activities of Si(OHh. Activities of Mg 2 § were calculated by multiplying the analytical concentration by the activity coefficient estimated from the ionic strength (#) and the extended Debye-Hiickel Law (Butler, 1964, p. 423) :
where z is the charge on the ionic species and a is the value for the "effective" size of the hydrated ion. The activities of A13+ and Fe 3+ were calculated in a similar manner as for Mg 2+, but with consideration being given to the probable hydrolysis products. For A13+, the method of Hem and Roberson (1967) Kittrick (1966a) .
Elemental and unit cell compositions of bentonites
The elemental compositions of the bentonite samples were determined by Na2CO3 and HF-HC104 dissolution procedures on the < 2 pm fractions following the removal of carbonates, free iron oxides, and amorphous materials by the procedures outlined by Jackson (1969) . Unit cell formulas were calculated from the elemental compositions by the method given by Jackson (1969) .
RESULTS AND DISCUSSION

Solute activities in matrix solutions
The steady state solute activities for matrix solutions in contact with soil clay fractions and montmorillonites suspended in 0.01 N A13+ or 0.01 N Mg 2 § of pH 3.5 are listed in Tables 1 and 2 . The pH of the supernatant solutions showed a tendency to increase from the 1-day to 60-day values but was essentially constant between 60 days and the 120-day values shown. The AI 3+ activities in the 0.01 N Mg 2+ solutions rapidly reached a steady state, as the 120-day values in Table 2 did not differ significantly from those after one day. The activities of Si(OH)4. in both 0.01N A13 § and 0.01N Mg 2 § and those of Mg 2 § in 0.01 N A13 § initially increased rapidly and increased at a slower rate even up to 120 days of reaction time. To obtain steady state values for pSi(OH)4 and pMg 2+, the activity functions at various reaction times were plotted against the reciprocal square root of time (assuming ion diffusion as the rate determining step) and extrapolated to infinite time. Some examples of such plots are given in Figs. 1 and 2. The increases from 1 day to the steady state values at 120 days in pH values of the supernatant solutions of the clay suspensions in 0.01 N Mg 2 § of pH 3.5 (Table 2) were greater than for those in 0.01 N A13+ (Table 1) . This larger pH increase in 0.01 N Mg 2 § solutions is consistent with the release of greater amounts of Si(OH)4 than in 0.01 N A13+. The latter is well illustrated in Fig. 1 . The greater activity of Si(OH)4 in 0.01 N Mg 2+ than in 0.01 N AI 3+ was also expected because (according to equation (4) below) A13+ should be more effective in suppressing the dissolution of structural constituents of montmorillonite by the common ion effect than would Mg 2 +. The Fe concentrations in the supernatant portions of the suspensions in 0.01 N A13+ or 0.01 'N Mg 2 § were found to be in the order of 2.0 • 10 -6 M or less. With the aliquot size available for analysis, this concentration was only slightly above the lower limit of the analytical range of the method used and therefore the values have not been tabulated. However, some approximation to the apparent solubility of Fe 3 § in these soil clays and montmorillonites can be made. Calculated activities of Fe 3+ (equation (3)) for an Fe 3+ concentration of 2.0 x 10 -6 M show for the pH range of 3.54.0, that these soil clays and montmoriUonites have pH-1/3pFe3~: values slightly in excess of 1.0 which corresponds to values obtained for acid soils (Bohn, 1967) considered to contain an amorphous Fe(OH)a compound. * In the development of the montmorillonite stability plane, the relatively low octahedral Fe(II) content of the montmorillonites was added to that of Fe(III). 
Interpretation of soil clay solute activities
Clay minerals as control. To facilitate comparison of the observed soil clay solute activity functions to those expected for the clay minerals--montmorillonite, kaolinite, and gibbsite, the solute activity functions were plotted in a three dimensional diagram (Fig. 3) . The stability plane for montmorillonite in Fig. 3 was calculated from the solute activity data (Tables 1 and 2 ) and formula (Table 3) 
Rearranged in terms of pH-1/3pAl 3+, the montmorillonite equilibrium expression is, pH -1/3 pal 3+ = 0.19 log gmont + 0.71 pSi(OH)4 -0.11 (pH -1/3pFe 3+) -0.10(pH -1/2pMg 2+) -0.07 pH. A value of log Kmont was determined by substitution of the steady state or extrapolated solute activities (Tables 1 and 2 ) into equation (6). For the Colony I montmorillonite, a log K value of 3.2 (Table 4) was determined by equilibration in 0.01 N Mg 2 § and a value of 3.7 by equilibration in 0.01 N A13+..The difference, though large, is within experimental variability mainly arising from the pH measurements, since H + activity is multiplied by 6.8 in the dissolution equation (equations (4) and (5)). The montmorillonite stability plane in Fig. 3 is that for the log K value of 3.2 (Table 4) . Only the structural cation species of the montmorillonite have been considered in equation (4). The exchangeable cations of the montmorillonite are reflected in the term, 0.07 pH, in equation (7), which is a small component compared to the overall pH functionality, 6.80 pH, in the dissolution (equation 4). The montmorillonite plane (Fig. 3) corresponds to pH 4.0, applicable to acid soils such as the Dodge B2 and Lamartine B2 in which H § and A13 § are present in appreciable amounts. The activity of Fe 3 § (discussed above) in the development of the montmorillonite stability plane was taken to be controlled by amorphous Fe(OH)3 (pH-1/3pFe 3+= 1.0, Bohn, 1967) . Although not necessary for the construction of the montmorillonite stability plane, standard free energy of formation (AG}) values were calculated from the log K values and the data in Tables 3 and 5 , and for reference have been tabulated in Table 6 . Inasmuch as only the structural cations were considered, the values in Table 6 are generally lower than those previously reported (Weaver et al., 1971) in which exchangeable cations, in addition to structural constituents, were considered. The similarity of the log K values in either 0.01 N Mg 2 § or 0.01 N A1 a § suggests that the solubilities of montmorillonites are independent of the nature of the exchangeable cations as also suggested by Kittrick (1971) and supports the assumption that the structural cations are the more: important in regard to montmorillonite stability. The latter was also evident from the fact that there was generally good agreement (Table 6 ) between the experimentally determined AG} values and those estimated by the scheme of Tardy and Garrels (1974) that requires only a knowledge of the structural composition of the montmorillonites.
The montmorillonite stability plane is intercepted on the right of the three dimensional diagram (Fig.  3) by amorphous silica (pSi(OH)4 = 2.72) as before (Weaver et al., 1971) and discussed by Kittrick (1969) . Stability planes for kaolinite (pH-1/3pA13 § = -0.17 pKkao, + 0.33 pSi(OH)4) and gibbsite (pH-1/3pA13+ = -1/3 pKgib) were also plotted in Fig. 3 . The values of pK for kaolinite and gibbsite were taken as -7.82 and -8.70, respectively and represent median values of those reported in the literature (Table 5) .
The solute activity functions of pH-1/3pAl a § for the soil clay fractions suspended in 0.01 N A13 § were sufficiently high for either kaolinite or montmorillonite formation or stability (Fig. 3) . The solute activity functions, pH-1/2pMg 2 § and pSi(OH)a, for the Pella B2g and Lamartine C2 clay fractions are in the montmoriUonite stability range, while those for the Lamartine B2 and Dodge B2 are in the kaolinite stability range. These relationships are consistent with the respective geomorphological environments of the soil horizons, which are also reflected in the composition of the field-formed reactive fractions of these soil clays (Weaver et al., 1971) . The SiO2/Al20 3 molar ratios of the reactive fractions from the Dodge and Lamartine B2 horizons were near 2.0 (suggesting a kaolinitic or Al-chloritic composition), while those from the Lamartine C2 and Pella B2g ranged from 3 to 4 (i.e. of montmorillonitic or beidellitic composition). The composition of the reactive fraction can probably be considered to represent a partial equilibrium state (Helegeson, 1968) in the montmorillonite kaolinite transformation. The solute activity functions of the soil clays suspended in 0.01 N Mg 2 § (initially pH 3.5) plotted in the montmorillonite stability range for all of the horizons (upper right in Fig. 3 ). The effects of the kaolinite-forming site conditions on the reactive clay composition in the Dodge B2 and Lamartine B2 horizons were evidently in part overriden by the increased Mg 2 § activity supplied in the experiment, even though the final acidity was approximately pH 4. Analogous montmorillonite stability was noted earlier in the acid, poorly drained Henry soil of Kentucky (Weaver et al., 1968) . It is important to note, however, that the geomorphological-geochemical site conditions are still reflected in the solute activity values. That is, the values for the acid, well drained horizons plotted closer to the kaolinite stability area largely as a result of decreased Si(OH)a activities. (Tardy and Garrels, 1974) .Kcal/formula wt. 
For the Colony I ~t3~tra3~illordte, in 0.01 N Mg 2+, leg ~ = 3.2 (Table 3 ) and ~G r = -4.37 Kcal
&G r in equation (9) is also given by AG r = Z aG~(prcducts ) -Z 6G~(reactants) Non-crystalline reactive component as control.
Although all of the soils contained kaolinite and montmorillonite, they differed considerably in their reactive fraction composition which in turn appeared to correspond to their position in the phase stability diagram (Fig. 3) and reflected the influence of the geomorphological-geochemical site conditions in which each soil horizon was developed. This suggests that the reactive fraction may have more immediate control on the solute activities than the crystalline clay minerals that are present in the soils. From kinetic considerations the latter would seem highly plausible as precipitation and dissolution reactions of the noncrystalline reactive components should occur more rapidly than those of crystalline clay minerals. Recently, Weaver (1975) found that the solute activities of some gibbsitic-kaolinitic Brazilian soil clays were more related to dissolution of a surface-reactive non-crystalline aluminosilicate than to that of gibbsite and kaolinite. The latter conclusion was based on the work of Paces (1973) who showed that the activities of A13 + and Si(OH)4 in ground waters of the Sierra Nevada were controlled by the chemical equilibrium with respect to a non-crystalline aluminosilicate weathering product. The applicability of this interpretation to the present kaolinitic-montmorillonitic soil clays can be determined by considering that the dissolution of the reactive fraction (R) occurs by the following reaction as suggested by Paces (1973) ,
where x is the mole fraction of silica in the reactive component. The equilibrium condition for the reaction is, Log KR =(1 --x) log(A13+) + x log (Si(OH)4) -(3 -3x)log(H*). (14) Values for log KR were calculated by substituting the steady state activities of H*, A13+, and Si(OH), (Tables 1 and 2 ) into equation (14), along with values of x which were calculated from previous data (Weaver et al., 1971) . If the reactive fraction controls the solute activity functions, then log KR should be a linear function of x, which is indeed the case as shown in Fig. 4 . This complements and extends the information obtained in the previous section where the solute activity functions were plotted in the phase stability diagram (Fig. 3) . That is the position of the reactive fraction-controlled solute activity functions in the phase stability diagram (Fig. 3) enables a prediction of the ultimately stable clay mineral.
CONCLUSIONS
The results show that dissolution studies of soil clay fractions under controlled conditions, in conjunction with phase stability diagrams based on control clay minerals, can be extremely useful for interpre- The results also show that the composition of the non-crystalline, reactive component associated with clay mineral surfaces may be more important with respect to control of solute activities than the crystalline clay minerals. However, in the present study, solute activity control by a reactive component does not lead to results inconsistent with those expected from the geomorphological-geochemical site conditions m which the soils were developed. This is because the compositions of the reactive component are also determined by the latter conditions.
